Abstract. The studies aimed at determining low activities of alpha radioactive elements are widely recognized as essential for the human health, because of their high radiotoxicity in case of internal contamination. Some groups of workers of nuclear facility at Otwock are potentially exposed to contamination with plutonium isotopes. For this reason, the method for determination of plutonium isotopes has been introduced and validated in Radiation Protection Measurements Laboratory (LPD) of the National Centre for Nuclear Research (NCBJ). In this method the plutonium is isolated from a sample by coprecipitation with phosphates and separated on a AG 1-X2 Resin. After electrodeposition, the sample is measured by alpha spectrometry. Validation was performed in order to assess parameters such as: selectivity, accuracy (trueness and precision) and linearity of the method. The results of plutonium determination in urine samples of persons potentially exposed to internal contamination are presented in this work.
Introduction
Routine monitoring of internal contamination of the workers at a nuclear facility in Otwock is carried out by the accredited Radiation Protection Measurements Laboratory (LPD) of the National Centre for Nuclear Research (NCBJ). This monitoring is based on in vivo and in vitro measurements. Direct measurement of radionuclides in the human body is realized using a Whole Body Counter or a Thyroid Counter. In vitro measurements, which are routinely performed for the workers, include measurements of beta radioactive isotopes (HTO, 32 P, 35 S, 90 Sr, total beta activity) and alpha radioactive isotopes (total alpha activity) in urine samples. In the recent period, the Laboratory has broadened the range of procedures to include a procedure for the determination of activity of plutonium and americium isotopes in urine samples. These methods were developed due to the possibility of potential exposure to internal contamination of some groups of workers to these alpha emitters. In this paper a method for determining the activity of plutonium isotopes in urine samples is discussed. This method may be used to perform routine and accidental monitoring of potentially exposed persons. The aim of this work was to present the validation of the method for determination of plutonium activity and analyses of plutonium activity in urine which were carried out by LPD.
Validation of the method for determination of plutonium isotopes in urine samples and its application in a nuclear facility at Otwock Studies aimed at determining the activity of plutonium isotopes are essential because of their high radiotoxicity [1] . Small amounts of these isotopes can cause a signifi cant dose if internal contamination occurs. The way in which plutonium is adsorbed in the body depends on the routes of exposure to radiation and chemical forms of plutonium. Plutonium penetration into the body occurs mainly by inhalation. The element gets into the lungs along with atmospheric aerosols. Depending on the form in which plutonium occurs (soluble and insoluble) it can lodge in the lungs and lymph system or get into the bloodstream and is mainly deposited in the liver and bones [2] .
Problem of the analysis of alpha emitters in urine is diffi cult due to very low activities of isotopes which are being determined (e.g. when it comes to intake of 1 Bq of plutonium by inhalation, assuming the absorption type M, plutonium activity in the urine after 1 day of intake is of the order of 10 -4 Bq [3] ). A suitable technique used for this type of measurement of low activity of alpha emitters is alpha spectrometry with silicon semiconductor detectors [4] .
In order to prepare a sample for alpha spectrometry measurement an appropriate radiochemical preparation should be performed. For this purpose, the determined isotopes are separated by the coprecipitation method and purifi ed with an anion exchange resin. Afterwards, the source is being prepared for the measurement by electrodeposition on a steel disc.
For the purpose of validation of the procedure for plutonium determination in urine, the following parameters were assessed: selectivity, accuracy (trueness and precision) and linearity of the method. In order to evaluate these parameters the investigated procedure of plutonium determination was applied to the following urine samples: blank sample, urine sample with a [5] .
Materials and methods

Apparatus
Chromatographic resin
The AG 1-X2 Resin (50-100 mesh, chloride form), purchased from Bio-Rad, was used for the procedure of plutonium isolation. The resin was placed in a glass column. Length and internal diameter of the column were 100 mm and 5 mm, respectively.
Electrodeposition device
The volume of electrodeposition cell, which was used in the procedure of determining plutonium activity in urine, was 50 cm 3 . Cell was made of teflon. Plutonium isotopes, during the process, were electrochemically deposited on the cathode (stainless steel disc, thickness: 0.6 mm; diameter: 25 mm), which was placed at the bottom of the cell. The platinum electrode was used as anode. The effective area of electrodeposition on the disc was 2.84 cm 2 . DC Regulated Power Supply (NDN, MODEL: DF173003C) was applied to electrodeposition process.
Samples
Urine samples for the validation of the procedure for determining plutonium activity were collected from people who were not exposed to contamination with alpha emitters (fourteen urine samples).
People who were occupationally exposed to plutonium isotopes were asked to collect daily urine samples into polyethylene vessels. Twenty two urine samples were analyzed.
Procedure
Plutonium separation (urine sample)
The method for plutonium determination in urine was developed on the basis of the literature data [e.g. [6] [7] [8] . Daily urine sample was acidifi ed by the addition of 65% HNO 3 3 , heated and 150 mg of NaNO 2 was added to adjust the +4 valency of plutonium. Then, the sample was passed through the resin and then, the resin was washed with 50 cm 3 of 8 M HNO 3 . Next, the resin was washed with 40 cm 3 of 10 M HCl to remove thorium isotopes. In order to elute plutonium isotopes 250 mg of hydroxylamine hydrochloride was put on the top of the column and three fractions of 0.5 M HCl were added successively.
The sample was evaporated to dryness and mineralized with 2.5 cm 3 of 65% HNO 3 and 2.5 cm 3 of 35-38% HCl. The fi nal step was plutonium electrodeposition on a steel disc.
Electrodeposition procedure
Electrodeposition was performed following the modifi ed procedure of Hallstadius [9] . In the beginning, 1.5 cm 3 of 1 M Na 2 SO 4 was added to the sample and evaporated to dryness. In the next step, 0.5 cm 3 of 96% H 2 SO 4 was added and the sample was heated. After fuming, deionized water was added to the sample to a volume of approximately 30 cm 3 and the sample was boiled. After addition of 1 cm 3 of saturated solution of EDTA and a drop of 1% thymol blue idicator, the value of pH was adjusted to 2.5÷2.8. The solution was transferred to the electrodeposition cell, and the required current of 1 A was set. After three hours, at the end of electrodeposition, approximately 1.5 cm 3 of 25% NH 4 OH was added to the sample and power supply was turned off. After dismantling of the cell, the stainless steel disc was removed and rinsed with deionized water.
Alpha counting
For standard measurement, the counting time of the sample depends on the plutonium ( 238 Pu or 239+240 Pu) activity, the sample was measured until the uncertainty of peak area was in the range of 2-10%.
Results and discussion
The analysis of the main parameters which characterize the validated method are shown below.
Selectivity
The method is selective if the determined element is clearly identifi ed in the presence of other elements that may occur in the sample [10] . In the case of identifi cation of plutonium isotopes, the method is considered to be selective if all the interfering isotopes are, as a result of the application of column chromatography process, removed from the sample and if in the alpha spectrum of the determined isotopes can be distinguished. The selectivity of the method for the determination of plutonium isotopes was assessed by examining the alpha spectra of three samples: those with 236 Pu, 238 Pu,
239+240
Pu, a sample with a tracer of 236 Pu and a blank sample (Fig. 1) . Alpha spectra show that the method is appropriate for selective separation of the isotopes 238 Pu,
Pu from the matrix. The measurement of blank sample (Fig. 1c) showed that during the radiochemical procedure no contamination occured.
Accuracy (trueness and precision)
The accuracy of the method is a parameter that expresses the closeness of obtained results to the reference (true) value. The method is accurate if the conditions for both, trueness and precision, are fulfi lled [10] . Trueness defi nes the closeness of set of results obtained by the method to the true value. It was tested by examining nine urine samples at three different levels of 238 Pu activity (approximate activity added to the samples: 15, 30, and 45 mBq). The trueness of the result is satisfactory if [11] : (1) where C is the activity concentration of 238 Pu [Bq·dm -3 ] and u is the measurement uncertainty (k = 1). It was verifi ed that the acceptance criterion is met in the case of each of the results obtained, regardless of the level of activity (Table 1) .
Precision characterizes the scattering of results which are obtained by multiple determination using the same method [10] . Evaluation of the precision of the method was carried out on the basis of the results obtained from measurements of six samples with the same concentration activity of 238 Pu. Precision is usually assessed in terms of relative standard deviation or the following formula [11] : (2) The Laboratory has accepted the criteria that the values of RSD and the above expression should not exceed 15%. Values calculated according to Eq. (2) for each measured sample did not exceed 4.4%. The result of RSD test is shown in Table 2 . Based on the analysis of the obtained results it can be concluded that the validated method is precise.
Additionally, the accuracy of the method was verified through participation in interlaboratory comparisons organized by PROCORAD in 2013 -"Actinides in the urine" and "Plutonium solution". Results obtained for plutonium isotopes fulfi lled the acceptance criteria of the organizers. Activities of 238 Pu and 239 Pu determined by LPD in samples B and C and plutonium solution were close to the target values [5] . In this case the accuracy was expressed in terms of relative bias (Table 3 ).
Linearity
The linearity of the validated method was investigated by analyzing the results of the measured activity of the samples in which plutonium concentration was at various levels (approximately 20, 40, 60, 100% of applicability range of the method). Samples were measured in an alpha spectrometer with detectors of 450 mm 2 effective area. The graph (Fig. 2) shows the relation between the plutonium reference concentration in urine and the net area of plutonium peak divided by the measurement time. It was assumed that the method is linear if the correlation coeffi cient is greater than 0.98. The adopted criterion is met, 2 2 2.58 
Study of internal contamination
Development of the method for plutonium determination method allowed to conduct analyses of urine samples of persons occupationally exposed to internal contamination with alpha emitters. Analyses of plutonium isotopes activity in twenty two urine samples from employees of the nuclear facility at Otwock were performed. Table 4 shows the results of conducted analyses. Chemical recovery of 236 Pu ranged from 70.6% to 90.4% with an average of 81.9% with a standard deviation of 5.8%. Its average value is comparable to the values presented in the literature [12] . In order to determine the tracer recovery R the following equation was used: The analyses showed that twenty one samples were below the minimum detectable activity (MDA) of plutonium isotopes, which was calculated by the following equation [13] : (4) where, B − net area counts of background (−), t − sample counting time [s], E − counting effi ciency of the detector (−), R − tracer recovery (−).
Background counts in the energy range of
239+240
Pu were 1−6 counts for one week measurement. Background counts from 236 Pu in the energy range of 238 Pu depend on the tracer activity, for 1000 counts from 236 Pu there were about 35 counts. MDA values for the performed measurements were within the range of 0.04-0.28 mBq per sample. Figure 3 relates to the urine sample containing 238 Pu whose activity was above the MDA. Activity content of 238 Pu in sample 13 was 0.46 ± 0.10 mBq per sample. The minimum detectable activity for this measurement was 0.13 mBq per sample.
Conclusions
On the basis of the literature data analysis, a method for plutonium determination in urine samples was developed. The selected method was validated. Reliability of the procedures was proved by assessing the validation parameters which met the established criteria. The method is used for radiological monitoring of workers of the nuclear facility at Otwock, which is carried out by LPD. Analyses of urine samples of persons occupationally exposed was performed using the discussed method, have shown that there was no internal contamination with plutonium isotopes in almost all the cases. In one urine sample 238 Pu was detected, which indicates that analyses of plutonium isotopes activity concentration should be carried out in the future, according to the developed method. 
